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Abstract 
To optimize the reduction of the drag area coefficient of a speed skater, mannequins in static positions wearing suits 
were tested in the NRC 2m x 3m Wind Tunnel to find the lowest drag for a given range of speeds. The results 
obtained from this study can only be interpreted and applied to a speed skater if the aerodynamic drag coefficient is 
not affected significantly by the motion of the skater. It has been assumed that, for a representative cadence or 
frequency of oscillation of a speed skater lower than 1 Hz which is representative of the motion in a race, the 
aerodynamics could be considered quasi-stationary. The quasi-steady state is defined by the flow that developed 
around the body and the wake both governing the aerodynamic drag compared to the contribution of the low 
frequency of oscillation of the body.  To verify this hypothesis and to determine to what extent the quasi-steady 
assumption is valid for a human body in a speed skating position, a study was carried out in a wind tunnel using a 
moving life-size mannequin. A mechanism was devised so that a mannequin in a sidepush position could be 
oscillated to mimic the sinusoidal path of a speed skater. The amplitude of motion was kept constant and the 
frequencies of oscillation and wind speeds were changed to cover the equivalent of 500 m to 10,000 m races. The 
experiments have revealed that the variations of the drag area coefficient with wind speed were similar for static 
positions and for cases where the mannequin was oscillating at frequencies lower than 0.67 Hz or for a period of 
rotation of 1.5 s. The drag reduction occurred at the same wind speeds for the static and dynamic cases. This paper 
presents details of the experiments and a summary of the main findings. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Recent studies have been carried out to reduce the drag of an athlete using circular cylinders or athletes in  
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wind tunnel [1, 2, 3]. Drag coefficient results were all consistent with a decrease in drag and a critical 
Reynolds number that occurred for a lower Reynolds number value for a rough fabric compared to a 
smooth fabric. However, flow interactions have been pointed out as an important issue for the drag 
reduction of an athlete which is not properly simulated with static circular cylinders or static position of 
an athlete. This conclusion indicates that a better representation of the human body is suitable to measure 
correctly the aerodynamic drag experienced by an athlete and to target the fabric that will bring the 
aerodynamics in the critical Reynolds number range. To optimize correctly the aerodynamic drag 
reduction of a human body shape, a 1:1 scale mannequin of an athlete in a sidepush skating position was 
fabricated and tested in the NRC 2m x 3m Wind Tunnel [4, 5]. The mannequin allowed simulation of the 
appropriate body proportions and cross-sectional dimensions that were typical of an athlete. The 
mannequin was anchored to a custom built turntable in the test section of the NRC 2m x 3m Wind 
Tunnel.  The mannequin was instrumented with 124 surface pressure taps to measure pressures at 
strategic locations that could be integrated to obtain a local force on the body. Figure 1 shows the 
mannequin installed in the test section of the wind tunnel, the location of the rings of surface pressure 
taps and a view of selected cross-sectional shapes. 
Fig. 1. Left: Mannequin in sidepush position in the test section of the NRC 2 m x 3 m Wind Tunnel, Middle: black lines indicate the 
location of pressure taps on the mannequin and, Right: Cross-sectional shapes for the right thigh, right knee, right calf and right
upper arm 
The custom built turntable allowed the rotation of the mannequin from ±20o yaw angle for a wide range 
of periods. An external balance was used to measure the overall drag force on the mannequin, only for 
static positions. The frequency response of the external force balance was not high enough to capture the 
aerodynamic drag variations for a mannequin in motion. The angular position of the mannequin (yaw) 
was measured using a potentiometer mounted on the axis of rotation of the model. The signal of the 
potentiometer was synchronized with the time histories of surface pressures. Data were collected for 
static positions from -20o to +20o in increments of 5o at 7 different wind speeds from 30 to 60 km/h in 
increments of 5 km/h. Then, data were taken for the model oscillating at different periods: 4, 3, 2, 1.5 and 
1 second for the same 7 wind speeds. Figure 2 shows a static position at 0o yaw and, the mannequin in 
motion for one of the period of rotation tested. The quasi-steady hypothesis was verified for various 
external conditions that were known to affect the drag.  
     
Fig. 2. Mannequin in a sidepush position at 0o yaw static position (left) and mannequin rotating from ±20o (right)
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2. Results 
2.1 CDA versus wind speed
Force measurements with the external balance and pressure measurements were conducted for the bare 
mannequin and for the mannequin wearing a suit with smooth fabric (surface roughness of about 140 
µm). The surface pressures were integrated to obtain local drag forces on the body and the drag forces 
were summed up to give the total drag on the body. The data were recorded with the mannequin in 
multiple static positions between ±20o and for the mannequin rotating from ±20o at frequencies of 
rotation of 0.25, 0.33, 0.5, 0.67 and 1 Hz corresponding to periods of 4, 3, 2, 1.5 and 1 second. Figure 3 
shows the results of the drag area coefficient obtained from the external balance and from the integration 
of pressures for both the static and dynamic cases. It can be observed that the variations of the drag area 
coefficient with wind speed were similar for static positions and dynamic tests. The curves showed the 
same reduction of CDA with wind speed. The error bars associated with the ‘static total mean’ case 
represent the variation of the CDA based on the integration of the surface pressure measurements for the 
yaw angles covered. Since the drag reduction occurred over the same range of wind speed for static and 
dynamic tests with the mannequin, it suggested that the optimization of the drag reduction for a speed 
skater, based solely on static positions of mannequins, was a valid approach to adopt.  
It can be observed clearly on the right side of Figure 3 that the drag area coefficient decreased with a 
reduction of the period of motion of the mannequin. This was not obvious for the bare mannequin in 
laminar flow (left graph of Figure 3) probably since the main parts of the body were still in the subcritical 
Reynolds number range. For such a case, smaller variations of CDA with wind speed are to be expected 
when compared to cases where most parts of the mannequin were in the critical Reynolds number range. 
The higher surface roughness of the smooth fabric has contributed to promote a reduction of the drag area 
at lower wind speeds with a transition of the flow from laminar to turbulent. The CDA calculated from 
integration of pressure on the body did not match the CDA provided by an overall measurement of the 
drag with the external balance. Similar trends with reduction of CDA with wind speeds were observed but 
the difference in magnitude was due to the limited number of pressure taps on the body. Increasing the 
number of taps to cover larger surfaces of the body would have reduced the discrepancies. However, 
since the trend of the curves from integration of the pressure and from the external balance was similar, it 
suggested that the location of the taps was correctly selected to capture the most important contribution to 
the variation of CDA with wind speed. 
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Fig. 3. Drag area coefficient from the integration of surface pressures over the range ±20o, for 6 periods of rotation,  for 7 wind 
speeds, in laminar flow and for the bare mannequin (left) and mannequin wearing a suit with smooth fabric (right) 
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2.2 CDA versus yaw angle for each part of the body 
By looking carefully at the contribution of the CDA for the 9 parts of the body where surface pressures 
were located, it appeared that the parts that contributed the most to the total CDA were the left and right 
calves, the right thigh and the butt. Any variations of the surface pressure captured on those limbs at a 1-
second period of rotation were different than results obtained from static positions at specific yaw angles. 
For example, Figure 4 presents the CDA versus the yaw angle for the 9 parts on the body for laminar flow 
condition with a bare mannequin at 35 km/h and for a 1-second period. Based on Figure 2, it was 
expected that the CDA for a 1-second period would be smaller than for static positions. It can be observed 
on Figure 4 that a large difference of CDA was present for the right calf and the butt between the dynamic 
tests and the results obtained with static positions. Results for a 4-second period of rotation indicated 
good agreement between static position and dynamic test for the 9 parts of the body where surface 
pressure measurements were made (figure not shown here). 
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Fig. 4. Comparison of drag area coefficient versus yaw angle based on the integration of surface pressure measurement for 9 parts of 
the body, for static positions and for 1-second period of rotation of the bare mannequin, at 35 km/h in laminar flow 
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2.3 Distribution of surface pressure coefficient 
The distribution of the surface pressure coefficients, Cp, was an important indicator of the 
aerodynamic regime that each of the 9 parts of the body were experiencing. Figure 5 shows the 
instantaneous Cp distribution for the 9 cross-sections of the body at 0o for an oscillation of the mannequin 
at a 1-second period. The blue line (external of the cross-sectional shape) represents a negative pressure 
while the red line (internal of the cross-section) represents a positive pressure. The suction around both 
calves was higher for the mannequin in rotation than for the same conditions with the mannequin in a 
static position at 0o (results for the static position at 0o not shown here).  The right upper arm was also not 
experiencing the same aerodynamic flow regime, with a 1-bubble regime (TRBL1) [6] detected for the 
conditions when the mannequin was rotating. Since the drag area coefficient was calculated from the 
integration of the surface pressures and that the CDA did not correspond well between the 1-second period 
and static positions, discrepancies in the surface pressure distribution were expected. A better similitude 
of the surface pressure distribution between instantaneous Cp for a 1-second period of rotation and for a 
static position at -5o was observed. It suggested that the flow around the upper arm was subjected to an 
aerodynamic lag and thus did not replicate the distribution of surface pressure coefficient observed for a 
static position when the mannequin was at 0o.
Fig. 5. Distribution of instantaneous surface pressure coefficient for the 9 cross-sections of the parts of the body, at a 1-second
period of rotation taken at 0 degree, in laminar flow and for the mannequin wearing a suit 
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3.  Conclusions 
It was observed that the reduction of the drag area coefficient, CDA, of a mannequin of a speed skater 
in a sidepush position occurred for the same speeds, whether the mannequin was in static positions or in 
rotation at various periods. This suggested that the optimization of the drag reduction of a speed skater 
based on mannequins in static positions generally targets the right range of wind speeds. It also validated 
the hypothesis that quasi-steady aerodynamics could be applied to speed skating. The experiments 
revealed the limit of this quasi-steady aerodynamics hypothesis for a skater in a sidepush position. It was 
observed that for periods of rotation lower than 1.5 seconds or frequencies higher than 0.67 Hz, the 
measured CDA for the mannequin in motion did not coincided with the CDA for the static positions or the 
CDA for longer periods of rotation. Race distances for a long track speed skater are from 500 m to 10,000 
m. A skater will usually have a frequency of motion lower than 0.67 Hz for race distances longer or equal 
to 500 m. This indicates that static positions can be used to optimize the aerodynamics of a speed skater 
without compromising the relevance of the results. 
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